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ABSTRACT 

The concept of d e l i v e r i n g  the  LM t o  a lower l u n a r  
o r b i t  be fo re  s e p a r a t i o n  from t h e  CSM is  i n v e s t i g a t e d  from 
s e v e r a l  s t andpo in t s :  

1. Increased  payload c a p a b i l i t y  

2. Se rv ice  Module 
f o r  d i f f e r e n t  

3. Launch veh ic l e  requi rements  

4. Communications 

5. General o p e r a t i o n a l  problems 

Landed payloads of t h e  LM can be increased  by a s  
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much a s  840 lb s  f o r  a 50,OOO f t  a l t i t u d e .  I n s e r t i o n  d i r e c t l y  
i n t o  t h i s  low o r b i t a l  a l t i t u d e ,  however, would be risky, 
making an in t e rmed ia t e  Hohmann t r a n s f e r  maneuver d e s i r a b l e .  

F u r t h e r  s tudy  is requ i r ed  t o  determine t h e  minimum 
a l t i t u d e  t o  which t h e  d i r e c t  r e t r o  can be s a f e l y  made and t o  
e v a l u a t e  the  problems a s soc ia t ed  w i t h  LM ascen t  and rendezvous 
a t  t h e  lower a l t i t u d e s .  
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SUBJECT: I m p l i c a t i o n s  of Lower Lunar Orb i t a l  DATE: August 1, 1967 
A l t i t u d e s  f o r  LM Separa t ion  - 
Case 232 FROM: D. R.  V a l l e y  

TM-67-1012 -8 

TECHNICAL MEMORANDUM 

I. INTRODUCTION 

Recent AAP l u n a r  mission p lanning  e f f o r t s  sugges t  
t h e  concept  of d e l i v e r i n g  the  LM t o  a lower l u n a r  o r b i t  b e f o r e  
s e p a r a t i o n  from t h e  CSM. The prime r eason  f o r  t h e  lower 
a l t i t u d e  i s  t o  reduce t h e  AV requi rements  f o r  t he  LM descen t  
and a scen t  maneuvers. For  a g iven  LM descent  p r o p e l l a n t  tank  
c a p a c i t y ,  t h e  reduce3  requirements  x q i l l  a l l o ~ + ~ r  g r e a t e r  LM 
s e p a r a t i o n  weights  and thus  i n c r e a s e  the  landed  and r e t u r n e d  
payload c a p a b i l i t i e s .  

G r e a t e r  LM c a p a b i l i t y ,  however, comes a t  t h e  p r i c e  
of i n c r e a s e d  SM propu l s ion  (SPS) requi rements .  The h e a v i e r  
LM p l a c e s  g r e a t e r  demands on t h e  SPS, a s  do the inc reased  AV 
requi rements  necessa ry  to d e l i v e r  the  LM to a lower l u n a r  
o r b i t .  I n  g e n e r a l ,  t h e  concept of lower a l t i t u d e s  r e d i s t r i b -  
u t e s  t h e  miss ion  AV requi rements .  Taking advantage of t h e  
lowered LM AV budget w i l l  always be accorrpanied Sy i nc reased  
demands on t h e  SPS, and it becomes a q u e s t i o n  of ba l anc ing  
t h e s e  s h i f t s  i n  miss ion  requirements  to a r r i v e  a t  t h e  space-  
c r a f t  c o n f i g u r a t i o n  t h a t  w i l l  produce t h e  g r e a t e s t  landed 
payload i n c r e a s e  w i t h i n  e x i s t i n g  equipment c a p a b i l i t i e s ;  t h a t  
is ,  w i t h i n  e x i s t i n g  s p a c e c r a f t  t ank  c a p a c i t i e s  and launch 
v e h i c l e  i n j e c t i o n  c a p a b i l i t y .  I n  a d d i t i o n ,  guidance,  nav iga t ion ,  
and o p e r a t i o n a l  problems i n  t h e  lower o r b i t  must be cons idered .  

11. MAXIMUM ALLOWABLE LM SEPARATION WEIGHT 

A lower o r b i t a l  a l t i t u d e  a t  t h e  t i m e  o f  LM sepa ra -  
t i o n  w i l l  reduce t h e  LM AV budget f o r  bo th  descen t  and a s c e n t .  
F i g u r e  1 i s  a p l o t  of t h e  r educ t ion  i n  LM AV requi rements  for 
a l t i t u d e s  lower than  80 nm. 

Using t h e  e x i s t i n g  u s a b l e  p r o p e l l a n t  t ank  c a p a c i t y  
of t h e  LM descen t  s t a g e  (17,441 l b s )  , a maximum LM s e p a r a t i o n  
weight  can be s imply c a l c u l a t e d  by app ly ing  t h e s e  AV r e d u c t i o n s  
t o  the  nominal Apollo descent  AV requirement  (7,332 f p s )  a s  
fo l lows :  
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LM s e p a r a t i o n  weight = (descent  p r o p e l l a n t  weight )  (&) 
where MR i s  t h e  mass r a t i o  a s s o c i a t e d  w i t h  

t h e  descen t  AV r e q u i r e d .  
AT, .  

De s c e n t  AV 
MR = exp 

goIsP 
Figure  2 i s  a p l o t  of t h e  maximum a l lowab le  LM s e p a r a t i o n  weight 
f o r  a l t i t u d e s  down to 50,000 f t .  The maximum a l lowab le  LM 
s e p a r a t i o n  weight f o r  50,000 f t  i s  33,274 l b s ,  an i n c r e a s e  of 
685 l b s  over  t h e  b a s e l i n e  Apo l lo  LM (32,589 l b s ) .  T h i s  d i f f e r -  
ence i n  s e p a r a t i o n  weight i nc ludes  45 l b s  of a d d i t i o n a l  descen t  
p r o p e l l a n t  t o  completely f i l l  t h e  t a n k s  and a 640 l b  payload 
i n c r e a s e .  T h i s  a d d i t i o n a l  payload can be obta ined  whi le  
r e t a i n i n g  a f u l l y  loaded  ascent  s t a g e  t o  permi t  a nominal 
Apollo a s c e n t  and rendezvous a t  80 nm. 

I f  LM a s c e n t  and r e n d e z v ~ ~ s  a t  the I n ~ e r  n y b l t a l  
a l t i t u d e s  i s  cons idered ,  t h e  a s c e n t  AV budget i s  a l s o  reduced 
i n  accordance w i t h  F igu re  1; and a s c e n t  p r o p e l l a n t  can be o f f -  
loaded  to f u r t h e r  i n c r e a s e  the landed  payload c a p a b i l i t y .  
F igu re  3 i s  a p l o t  of landed payload i n c r e a s e  v s .  o r b i t a l  
a l t i t u d e  a t  LM s e p a r a t i o n  a l t i t u d e s  down t o  50,000 f t .  The 
lower l i n e  a p p l i e s  i f  t h e  nominal Apollo type  a s c e n t  and r e n -  
dezvous to 80 nm i s  used, w h i l e  t h e  upper l i n e  i n d i c a t e s  the  
inc reased  payload o b t a i n a b l e  by r e t u r n i n g  t o  t h e  lower a l t i t u d e s .  

F igure  4 i n d i c a t e s  t h e  degree  of f l e x i b i l i t y  p o s s i b l e  
w i t h  t h e  e x i s t i n g  Apollo LM tank c a p a c i t i e s  i n  terms of t r a d i n g  
between i n c r e a s e s  i n  landed payload and payloads r e t u r n e d  t o  
l u n a r  o r b i t .  I f  t h e  landed payload i s  reduced,  a s c e n t  p r o p e l -  
l a n t  can  be added t o  i n c r e a s e  t h e  r e t u r n e d  weights .  F igu re  4 
i l l u s t r a t e s  t h e  e x t e n t  t o  which t h i s  t r a d i n g  can occur  up to 
t h e  p o i n t  where t h e  LM ascent  t a n k  c a p a c i t y  i s  reached .  

111. SERVICE MODULE PROPELLANT REQUIREMENTS 

Up t o  t h i s  p o i n t ,  only t h e  improved LM performance 
has  been d i s c u s s e d  i n  connect ion w i t h  t h e  lower a l t i t u d e s .  
A s  mentioned e a r l i e r ,  t a k i n g  advantage of t he  LM improvements 
p o s s i b l e  w i t h  lower s e p a r a t i o n  a l t i t u d e s  i n c r e a s e s  t h e  r e q u i r e -  
ment on t h e  Se rv ice  Module Propuls ion  System (SPS) . The h e a v i e r  
LM and t h e  maneuvers necessary t o  d e l i v e r  it to lower  o r b i t a l  
a l t i t u d e s  p l a c e  a h e a v i e r  demand on t h e  S e r v i c e  Module. 

N. AV BUDGET 

To e v a l u a t e  the  ex ten t  of t h e s e  requi rements ,  i t  was 
n e c e s s a r y  to assume a nominal AV budget t o  work w i t h .  The 
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fo l lowing  AV budget* was used to r e p r e s e n t  a nominal Apollo 
type  mis s ion  w i t h  r e l a x a t i o n  o f  t h e  non-free r e t u r n  c o n s t r a . i n t  
and w i t h  900 f t / s e c  al lowed f o r  CSM p l a n e  change c a p a b i l i t y  to 
meet the anyt  ime-abort c o n s t r a i n t  for t h e  h i g h e r  l a t i t u d e  
l a n d i n g  s i tes :  

AV f o r  T ransea r th  I n j e c t i o n  = 3,190 f t / s e c  

AV for LM Rescue and Plane Change = 1,580 f t / s e c  (680 + 900) 

AV for Lunar Orbi t  I n s e r t i o n  = 2,957 f t / s e c  

Many d i f f e r e n t  AAP miss ions  t o  s p e c i f i c  s i t e s  have been s t u d i e d  
and the  AV requi rements  determined.  The AV budget above was 
s e l e c t e d  on t h e  basis  of being adequate  to perform most of 
t h e  miss ions  s t u d i e d .  S ince  t h e  budget l e a n s  to t he  worst  
ca se  type  mis s ions ,  i t  should be cons idered  to be on t h e  con- 
s e r v a t i v e  s i d e .  

V .  MISSION MODES 

The fo l lowing  means of d e l i v e r i n g  t h e  LM to the  
lower  o r b i t a l  a l t i t u d e s  were cons ide red :  

I. 

11. 

111. 

m. 

i 

Retro  d i r e c t l y  from t r a n s l u n a r  f l i g h t  to t h e  low 
c i r c u l a r  o r b i t  and depa.rt for ear th  from t h e  low 
a l t i t u d e .  T h i s  mode r e s u l t s  i n  minimum SPS 
requi rements .  

Re t ro  from t r a n s l u n a r  f l i g h t  to an  80 nm o r b i t ;  
Hohmann t r a n s f e r  t o  t h e  low o r b i t ,  and d e p a r t  for 
ear th  from t h e  low o r b i t .  T h i s  mode e a s e s  t h e  
t r a n s l u n a r  guidance and n a v i g a t i o n  requi rements  
a s s o c i a t e d  with d i r e c t  r e t r o  t o  low a l t i t u d e s .  

Re t ro  d i r e c t l y  from t r a n s l u n a r  f l i g h t  to t h e  low 
o r b i t ,  Hohmann t r a n s f e r  up t o  80 nm a f t e r  LM s e p a r a -  
t i o n ,  and d e p a r t  f o r  e a r t h  from t h e  80 nm o r b i t .  
T h i s  mode p e r m i t s  nominal Apollo rendezvous p ro -  
cedures .  

Re t ro  from t r a n s l u n a r  f l i g h t  to an  80 nm o r b i t ,  
Hohmann t r a n s f e r  t o  t h e  low o r b i t ,  Hohmann t r a n s f e r  
back up to 80 nm a f t e r  LM s e p a r a t i o n ,  and d e p a r t  
for e a r t h  from t h e  80 nm orbit. T h i s  mode e a s e s  
the  e f f e c t  of t r a n s l u n a r  guidance and n a v i g a t i o n  
e r r o r s  a s  w e l l  a s  a l lowing  t h e  nominal Apollo 
rendezvous.  

*AV budget ob ta ined  from D. R .  Anselmo, Bellcomm, v e r b a l  
d i s c u s s i o n .  
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The nominal AV budget assumed must now be a d j u s t e d  
to i n c l u d e  t h e  inc reased  requirements  imposed by t h e s e  f o u r  
modes. H e r e a f t e r ,  t h e  mission modes w i l l  be r e f e r r e d  to a s  
I, 11, 111, and I V  a s  numbered above. 

F igure  5 i n d i c a t e s  t h e  AV p e n a l t i e s  a s s o c i a t e d  wi th  
d i r e c t  r e t r o  i n t o  and depa r tu re  from t h e  lower o r b i t s  i n s t e a d  
of t h e  nominal 80 nm a l t i t u d e .  These  increments  must be added 
to t h e  nominal AV budget f o r  miss ion  modes invo lv ing  r e t r o  o r  
d e p a r t u r e  from low o r b i t s .  The p e n a l t i e s  a s s o c i a t e d  w i t h  t he  
Hohmann t r a n s f e r  maneuvers t o  lower o r b i t s  can be r e a d i l y  
e s t ima ted  from t h e  d i f f e r e n c e  i n  c i r c u l a r  o r b i t a l  v e l o c i t i e s .  
For  example, to perform a Hohmann t r a n s f e r  from 80 nm (Vo = " 
5,289 f t / s e c )  to 10 nrn (Vc = 5,481 f t / s e c )  a l t i t u d e  r e q u i r e s  
a AV of 192 f t / s e c  f o r  bo th  burns.* Modi f i ca t ions  to t h e  
nominal AV budget f o r  each of t h e  miss ion  modes i s  shown i n  
Appendix A which a l s o  i n d i c a t e s  t h e  d e r i v a t i o n  of  t h e  d i r e c t  
r e t y o  ar,d d e p a r t u r e  perzal t ies  snnwn i n  Pigiire 5, 

With t h e  AV budgets  determined f o r  each of t h e  i n d i -  
v i d u a l  miss ion  modes, i t  i s  only a matter of s t anda rd  weight  
performance c a l c u l a t i o n s  to determine t h e  SM p r o p e l l a n t  r e -  
quirement f o r  each of t h e  mission modes us ing  LM s e p a r a t i o n  
a l t i t u d e s  between 80 nm and 5O,OOO f t .  The method of c a l -  
c u l a t i n g  t h e s e  requi rements  is shown i n  Appendix B. The 
r e s u l t s  are p l o t t e d  i n  Figure 6 which shows t h e  SM p r o p e l l a n t  
requi rements  v s .  LM s e p a r a t i o n  a l t i t u d e  f o r  each of t h e  miss ion  
modes. 

Mission Mode I ( d i r e c t  r e t r o  and d e p a r t u r e  from the  
lower o r b i t )  p l a c e s  t h e  l e a s t  requi rements  on t h e  SPS system. 
It would be p o s s i b l e  t o  d e l i v e r  a 33,274 l b  LM to a 50,000 f t  
orbit and complete t h e  mission w e l l  w i t h i n  t h e  p r e s e n t  SM t a n k  
c a p a c i t y .  The landed payload f o r  t h e  miss ion  could be i n c r e a s e d  
by about  840 l b s  (F igu re  3). 

*The " r u l e  of thumb" f o r  e s t i m a t i n g  Hohmann t r a n s f e r  AV 
r equ i r emen t s  can  be a c c u r a t e l y  a p p l i e d  when t h e  r a t i o  of r a d i i  
of t h e  two c i r c u l a r  o r b i t s  i s  n e a r  u n i t y .  For  t h e  case  i n  
p o i n t ,  i . e . ,  t r a n s f e r  from a n  80 nm to a 50,000 f t  o r b i t ,  t h e  
r a t i o  of r a d i i  i s  approximately 1.08 and e r r o r  i n  AV i s  less  
t h a n  0.1 f t / s e c .  (These AV requi rements  can be r ead  from 
F igure  1, which i s  a c t u a l l y  a p l o t  of t h e  d i f f e r e n c e s  i n  
c i r c u l a r  o r b i t a l  v e l o c i t i e s  for t h e  a l t i t u d e s  i n d i c a t e d . )  
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Mission Mode I1 (Hohmann t r a n s f e r  down from 80 nm) 
exceeds t h e  SM tank  c a p a c i t y  by some 850 l b s  i f  t h e  50,000 f t  
a l t i t u d e  i s  cons ide red .  I n  order  to complete a l a n d i n g  miss ion  
w i t h i n  t h e  SM t a n k  c a p a c i t y ,  t h e  LM s e p a r a t i o n  a l t i t u d e  could  
only  be reduced to about  34 nm. A t  t h i s  a l t i t u d e ,  t h e  maximum 
LM s e p a r a t i o n  weight would be about 33,050 l b s  ( F i g u r e  2)  and 
t h e  landed  payload i n c r e a s e  would be 540 l b s  ( F i g u r e  3). 

Mission Mode I11 ( d i r e c t  r e t r o  and Hohmann t r a n s f e r  
back up to 80 nm) would enable  d e l i v e r y  of t h e  LM to a 20 nm 
s e p a r a t i o n  a l t i t u d e .  The maximum LM s e p a r a t i o n  weight  would 
be 33,168 l b s  and t h e  landed payload could be inc reased  by 
535 l b s  ( F i g u r e  3, lower c u r v e ) .  Although the LM s e p a r a t i o n  
weight  i s  g r e a t e r  t han  f o r  the p rev ious  case ,  t h e  landed pay- 
load  i s  s l i g h t l y  l e s s .  The  LM ascen t  t o  80 nm i n  t h i s  miss ion  
mode reduces the  landed payload c a p a b i l i t y .  

Mission Mode IV ( r e t r o  to 80 nm, Hohmann t r a n s f e r  
A ,  7 njr d ~ : n  and b a c k  up aga in  arr ,er i , i v i  separat toi l )  W O U ~ C ?  exceed the  

SM t a n k  c a p a c i t y  by about 1600 l b s  i f  a 50,000 f t  LM s e p a r a t i o n  
a l t i t u d e  were d e s i r e d .  The  e x i s t i n g  S M  tankage would l i m i t  t h e  
s e p a r a t i o n  a l t i t u d e  to about  44.5 nm. The maximum LM weight 
f o r  t h i s  a l t i t u d e  would be 32,955 l b s  and t h e  landed payload 
i n c r e a s e  would only  be about 325 l b s  (F igu re  3, lower  c u r v e ) .  

The r e s u l t s  p l o t t e d  on F igu re  6 provide  a good f e e l  
f o r  t h e  e f f e c t s  of t h e  d i f f e r e n t  miss ion  modes and t h e  con- 
s t r a i n t  imposed by t h e  SM p r o p e l l a n t  c a p a c i t y .  F i g u r e  7 
p r e s e n t s  a l ook  a t  t h e  launch v e h i c l e  i n j e c t i o n  c a p a b l l l t y  
r e q u i r e d .  A summation of SM p r o p e l l a n t ,  LM s e p a r a t i o n  weight 
( l e s s  c rew) ,  CSM weight ,  and t h e  a d a p t e r  f o r  each of t h e  
miss ion  modes i s  p l o t t e d  on Figure  7. It can r e a d i l y  be seen  
t h a t  a l l  miss ion  modes exceed t h e  98,000* l b  Sa tu rn  V c a p a b i l i t y  
f o r  a 50,000 f t  LM s e p a r a t i o n  a l t i t u d e .  Mission Mode I, t h e  
l e a s t  demanding from a weight s t a n d p o i n t ,  would r e q u i r e  a 
launch  v e h i c l e  c a p a b i l i t y  of about  98,700 l b s .  The b a s e l i n e  
weights  f o r  t h e  CSM (23,562 l b s )  and t h e  Adapter (3,850 l b s )  
were used throughout t h e  mission c a l c u l a t i o n s .  

V I .  SENSITIVITY TO AV AND INERT WEIGHT CHANGES 

The miss ion  weight a n a l y s i s  p r e s e n t e d  thus  f a r  has  
been based on t h e  nominal AV budget which, a d m i t t e d l y ,  may be  
on t h e  c o n s e r v a t i v e  s ide  and p o s s i b l y  p r e s e n t s  a n  u n f a i r  p i c -  
t u r e .  The weight performance c a l c u l a t i o n s ,  however, can be 

*Saturn V c a p a b i l i t y  f o r  non-f ree  r e t u r n  mis s ions  should 
exceed t h e  98,000 l b  c a p a b i l i t y  guaranteed  for Apollo.  
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tu rned  around t o  provide  information on t h e  maximum a l lowab le  
AV budget f o r  t he  e x i s t i n g  SM p r o p e l l a n t  c a p a c i t y .  The r e s u l t s  
of such an a n a l y s i s  a r e  shown i n  F igu res  8 and 9 and t h e  method 
of o b t a i n i n g  the  r e s u l t s  i s  d iscussed  i n  Appendix C. 

A l l  r e s u l t s  shown i n  F igu res  8 and 9 a r e  based on 
u s i n g  t h e  b a s e l i n e  va lue  f o r  CSM i n e r t  weight (23,562 l b s ) .  
A s  t h e  l u n a r  miss ion  d u r a t i o n s  a r e  extended,  the  CSM weight 
w i l l  i n c r e a s e ,  
t hose  shown on F i g u r e  6, and the a l lowab le  AV budgets  i n d i c a t e d  
on F i g u r e s  8 and 9 w i l l  be reduced. The p o i n t  i s  t h a t  t h e  
r e s u l t s  shown i n  t h i s  memorandum a r e  h i g h l y  dependent on t h e  
CSM i n e r t  weight and t h e  t i m i n g  a s s o c i a t e d  w i t h  i t s  expendable 
weight l o s s e s  du r ing  a mission.  

The SM p r o p e l l a n t  r e q u i r e m e n t , w i l l  go up f rom 

V I I .  OPERATIONAL CONSIDERATIONS 

Thus f a r ,  l i t t l e  has  been s a i d  about  t h e  g e n e r a l  
o p e r a t i o n a l  a s p e c t s  of d e l i v e r i n g  a LM t o  a lower s e p a r a t i o n  

o p e r a t i o n a l  problems t h a t  can be fo re seen  f o r  t h i s  type  of 
m i s s  i o n .  

a l t i t u d e .  The f ~ l l o ~ l f i g  d i s c ~ ~ s ~ i ~ n  ~ z l l  C Q I J ~ ~  on of t h e  

Guidance and Naviga t ion 

The Apollo guidance system accuracy  f o r  l u n a r  o r b i t  
i n s e r t i o n  can in t roduce  a l a  a l t i t u d e  e r r o r  of +5,OOO f t  f o r  
t h e  d i r e c t  r e t r o  maneuvers of miss ion  modes I and 111. For  a 
50,000 f t  o r b i t a l  a l t i t u d e ,  a p o s s i b l e  5,000 f t  e r r o r  a long  
w i t h  t he  u n c e r t a i n t i e s  i n  connect ion w i t h  t h e  p o s i t i o n ,  shape, 
and e x t e n t  of s u r f a c e  f e a t u r e s  of t h e  moon must be cons idered  
r i s k y .  When t h e  p o s s i b i l i t y  of a n  over  burn of t h e  SPS d u r i n g  
t h e  l a r g e  r e t r o  maneuver i s  considered, t h e  s i t u a t i o n  becomes 
even more u n c e r t a i n .  F o r  example, t h e  d i f f e r e n c e  i n  o r b i t a l  
v e l o c i t i e s  a t  5O,OOO f t  a l t i t u d e  and a t  t h e  l u n a r  s u r f a c e  i s  
on ly  24 f t / sec-not  much margin f o r  i n s e r t i o n  e r r o r s .  

One sigma a l t i t u d e  errors of t h e  Apollo guidance 
system i n  connec t ion  w i t h  t h e  s m a l l e r  impulses of t h e  Hohmann 
t r a n s f e r s  of miss ion  modes I1 and IV would on ly  be +500 f t .  
I n  a d d i t i o n ,  t h e  p o s i t i o n  of the  s p a c e c r a f t  can be a c c u r a t e l y  
checked out i n  t h e  h i g h e r  park ing  o r b i t  b e f o r e  t h e  Hohmann 
t r a n s f e r  i s  i n i t i a t e d .  A h ighe r  i n i t i a l  pa rk ing  o r b i t  a l s o  
o f f e r s  a b e t t e r  o p p o r t u n i t y  for n a v i g a t i o n a l  s i g h t i n g s  to 
s u r f a c e  landmarks.  These s i g h t i n g s  would be an a i d  i n  o b t a i n i n g  
t h e  most advantageous LM s e p a r a t i o n  o r b i t  w i t h  r e s p e c t  to t h e  
d e s i r e d  l a n d i n g  s i t e .  
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From t h e  s t andpo in t  of  p ropu l s ion  sav ings ,  i t  i s  
d e s i r a b l e  to ascend and rendezvous a t  low o r b i t a l  a l t i t u d e s ;  
however, t h e r e  a r e  some o p e r a t i o n a l  a s p e c t s  t h a t  must be con- 
s i d e r e d .  The nominal Apollo procedures r e l y  on d i f f e r e n t  
o r b i t a l  a l t i t u d e s  f o r  phasing of t h e  CSM and LM ascen t  s t a g e .  
There p r e s e n t l y  i s  a 5 1/2 minute l u n a r  launch window al low- 
a b l e  f o r  the Apollo mission.  I f  t h e  CSM i s  parked i n  a 50,000 f t  
o r b i t ,  and rendezvous by an a c t i v e  LM a t  t h i s  a l t i t u d e  i s  
assumed, t he  launch of t h e  ascent  s t a g e  would have to be very  
a c c u r a t e l y  timed. One poss ib l e  s o l u t i o n  i s  to launch t h e  LM 
t o  a h i g h e r  a l t i t u d e  than  t h e  CSM. T h i s  procedure could provide 
t h e  proper  phasing,  bu t  would i n c r e a s e  t h e  a s c e n t  p ropu l s ion  
requi rements .  With a LM-active rendezvous from above, v i s i -  
b i l i t y  may be a problem w i t h  the l u n a r  s u r f a c e  a s  a background. 
Other s o l u t i o n s  would be to use t h e  LM re scue  p r o p e l l a n t  
a l l o c a t i o n  to perform a CSM-active rendezvous,  or t o  simply 
modify t h e  CSM o r b i t  f o r  proper phasing.  

LM ascen t  and rendezvous w i t h  a CSM i n  a low park ing  
o r b i t  w i l l  r e q u i r e  cons iderable  s tudy  e f f o r t  t o  develop new 
procedures  from those  planned f o r  Apollo. 

RCS P r o p e l l a n t  Requirements 

t r a n s f e r  maneuvers of mission modes 11, 111, and IV w i l l  i n -  
c r e a s e  t h e  RCS p r o p e l l a n t  requirements  f o r  t h e  mission.* The 
RCS tankage w i l l  have t o  be increased and t h e  CSPI i n e r t  weignt 
w i l l  grow. The e x t e n t  of t h e  tankage p e n a l t i e s  p l u s  t h e  added 
p r o p e l l a n t  load  w i l l  i nc rease  t h e  SM p r o p e l l a n t  requirements  
o r  e l s e  cu t  back on t h e  mission c a p a b i l i t i e s  of t h e  system 
u s i n g  Block I1 SM tankage.  

The a d d i t i o n a l  SPS burns a s s o c i a t e d  w i t h  t h e  Hohmann 

Land ine: Radar Ogera t i o n  

Operat ion of t h e  landing r a d a r  should not  be a f f e c t e d .  
A l t i t u d e  updates  dur ing  t h e  Apollo type approach a r e  n o t  i n i t i a t e d  
u n t i l  25,000 ft a l t i t u d e  is reached, and v e l o c i t y  updat ing i s  
not i n i t i a t e d  u n t i l  t he  a l t i t u d e  i s  15,000 f t .  The l and ing  
approach phases  need not  b e  changed by the  lower LM s e p a r a t i o n  
a l t i t u d e .  

Communications 

The o r b i t a l  a l t i t u d e  w i l l  a f f e c t  t h e  c e n t r a l  angle  
( e )  beyond t h e  l i m b  t h a t  t h e  s p a c e c r a f t  can t r a v e l  b e f o r e  

*RCS engines  are used f o r  u l l a g e  burns  p r i o r  to SPS 
s t a r t s  a s  wel l  as f o r  a t t i t u d e  c o n t r o l  du r ing  t h r u s t i n g .  



BELLCOMM. I N C .  - 8  - 

communications a r e  blocked by t h e  moon (see ske tch  on Figure  lo), 
and t h u s  may change t h e  longi tude  a c c e s s i b i l i t y .  F igure  10 
p l o t s  t he  change i n  ang le  e w i t h  r e s p e c t  to o r b i t a l  a l t i t u d e .  

One o t h e r  cons ide ra t ion  i s  t h e  r e d u c t i o n  i n  time p e r  
o r b i t  t h a t  t h e  CSM i s  i n  view (hor i zon  to hor i zon)  of t h e  landed 
LM. An 80 nm o r b i t  p rov ides  about a 15 minute viewing t ime,  
whi le  a 50,000 f t  o r b i t  would reduce t h i s  to l e s s  t han  f i v e  
minutes .  The a n g u l a r  rates of t h e  CSM p a s s i n g  overhead would 
be increased  by a f a c t o r  of 10 to about 6 .3"/sec.  Angular 
r a t e s  of  t h i s  magnitude a r e  approaching the  7" slew r a t e  l i m i t  
of t h e  rendezvous r a d a r  antenna.  Therefore ,  any requi rements  
f o r  LM t r a c k i n g  of t h e  o r b i t i n g  CSM w i t h  t h e  rendezvous r a d a r  
may bz r e s t r i c t e d  b y  t h e  yeduced viewing t i m e  and inc reased  
angu t a r  r a t e s  a s s o c i a t e d  w i t h  lower o r b i t a l  a l t i t u d e s .  CSM 
t r a c k i n g  of t h e  LM v i a  sex tan t  s i g h t i n g s  would be more d i f f i -  
cult f o r  t h e  same r e a s o n s .  

TTIII. C O N C L U S I O N S  

The landed  and re turned  payloads  of t h e  LM can be 
inc reased  by s e p a r a t i o n  and rendezvous a t  o r b i t a l  a l t i t u d e s  
below t h e  p re sen t  80 nm. The i n c r e a s e  i n  landed payload can 
be a s  g r e a t  a s  840 l b s  for a 50,000 f t  a l t i t u d e .  

From t h e  d i s c u s s i o n  t h u s  f a r ,  i t  i s  apparent  t h a t  
in i zn ion  mode I ( d i r e c t  r e t r o  and d e p a r t u r e )  i s  t h e  l e a s t  de -  
iiianding from a p ropu l s ion  s t a n d p o i n t .  Opera t iona l ly ,  however, 
i t  may prove too r i s k y  to r e t r o  d i r e c t l y  i n t o  a 50,000 f t  
o r b i t ,  and i t  a l s o  in t roduces  t h e  n e c e s s i t y  of new procedures  
f o r  t h e  LM ascen t  and rendezvous. 

Mission mode I1 reduces t h e  dangers  of d i r e c t  r e t r o  
by paying  a n  a d d i t i o n a l  pena l ty  f o r  a Hohmann t r a n s f e r  down, 
b u t  t h e  problems a s s o c i a t e d  w i t h  a s c e n t  and rendezvous a t  t h e  
low a l t i t u d e  remain.  

Mission mode I11 has t h e  hazard  of t h e  d i r e c t  r e t r o  
maneuver, b u t  e l i m i n a t e s  new ascen t  and rendezvous problems 
by having t h e  CSM perform a Hohmann t r a n s f e r  back up to an  
80 nm pa rk ing  o r b i t .  

Mission mode I V ,  t h e  most c o n s e r v a t i v e ,  r e l i e v e s  t h e  
d i r e c t  r e t r o  haza rds  by means of a Hohmann t r a n s f e r  down, and 
a l l o w s  t h e  convent iona l  ascent  and rendezvous procedures  by 
means of t h e  CSM Hohmann t r a n s f e r  back up to t h e  80 nm pa rk ing  
o r b i t  a f t e r  LM s e p a r a t i o n .  
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The  f i n a l  s e l e c t i o n  o f  a miss ion  mode should weigh 
t h e  landed payload c a p a b i l i t y  i n c r e a s e s  provided by lower 
o r b i t a l  a l t i t u d e s ,  t h e  element of r i s k  a s s o c i a t e d  w i t h  d i r e c t  
i n s e r t  i on  to these  a l t i t u d e s ,  and o v e r a l l  miss ion  c a p a b i l i t y  
c o n s t r a i n t s  imposed by the  SM p r o p e l l a n t  requi rements  of t h e  
most c o n s e r v a t i v e  mode. 

Two a r e a s  w i l l  r e q u i r e  f u r t h e r  a n a l y s i s  b e f o r e  a good 
s e l e c t i o n  can be made: 

1. de te rmina t ion  of t h e  minimum a l t i t u d e  t o  which 
t h e  d i r e c t  r e t r o  can be made; 

2 .  e v a l u a t i o n  of the problems a s s o c i a t e d  w i t h  
a s c e n t  and rendezvous maneuvers t o  lower 
o r b i t a l  a l t i t u d e s .  

If t h e  two above p rob lems  were a c c u r a t e l y  and r e a l i s -  
t i c a l l y  eva lua ted ,  t h e  best  compromise miss ion  mode could be  
s e l e c t e d .  As an  example, B S S U T ? , ~  t h a t  a c e f l t  and. rend.ezvous 
t o  50,000 f t  were shown t o  be  f e a s i b l e  and tha t  t h e  lowest 
a l t i t u d e  for s a f e l y  execu t ing  t h e  d i r e c t  r e t r o  maneuver was 
determined t o  be 40 nm. LM s e p a r a t i o n  from and a scen t  t o  a 
50,000 f t  o r b i t  would o f f e r  the bes t  landed payload c a p a b i l i t y .  
D i r e c t  r e t r o  to 40 nm and a Hohmann t r a n s f e r  t o  50,000 f t  
would prove t h e  most e f f i c i e n t  and s a f e  means of d e l i v e r i n g  
t h e  LM to 50,000 f t .  T h i s ,  e s s e n t i a l l y ,  i s  miss ion  mode I1 
except  t h a t  i n i t i a l  l u n a r  o r b i t  immediately a f t e r  r e t r o  i s  
40 nm i n s t e a d  of 80 nm. I 

1012-DRV-hjt 

Attachments:  
F i g u r e s  1 - 10 
Appendixes A - C 

La"dL%f 
D. R .  V a l l e y  



LUNAR ORBITAL ALTITUDE - NM 

FIGURE I - REDUCTION IN LM ASCENT & DESCENT AV FOR LUNAR 
ORBITAL ALTITUDES BELOW 80 NM 



LUNAR ORBITAL ALTITUDE - NM 

FIGURE 2 - ALLOWABLE LM SEPARATION WEIGHT V S .  LUNAR ORBITAL ALTITUDE 
(BASED ON FULL DESCENT PROPELLANT TANKS - 17,UUI LBS) 



LUNAR ORBITAL ALTITUDE - NM 

FIGURE 3 - LANDED PAYLOAD INCREASE VS. LUNAR ORBITAL ALTITUDE 
(BASED ON FULL LM DESCENT TANKS - 17,YUI LBS) 
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FIGURE 4 - POSSIBLE TRADES BETWEEN A PAYLOADS LANDED AND A PAYLOADS RETURNED 
TO LUNAR ORBIT WITH EXISTING LM TANK CAPACITIES 
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FIGURE 5 - INCREASE TO NOMINAL AV REQUIREMENTS FOR RETRO & DEPARTURE FROM 
LUNAR ORBITAL ALTITUDES LOWER THAN 80 NM 
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FIGURE 6 - SM PROPELLANT REQUIREMENTS FOR MISSION MODES I THRU IV 
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FIGURE 7 - LAUNCH VEHICLE INJECTION REQUIREMENTS FOR MISSION MODES I THRU IV 
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APPENDIX A 

SM AV PENALTY 

T h e  AV p e n a l t i e s  a s soc ia t ed  w i t h  d i r e c t  r e t r O  (LOI)  
and d e p a r t u r e  ( T E I )  from luna r  o r b i t a l  a l t i t u d e s  lower t h a n  
t h e  nominal 80 nm of Apollo a re  d e r i v e d .  

Assume a cons t an t  energy f o r  t h e  t r a n s l u n a r  f l i g h t  
t r a j e c t o r y :  

( e x p r e s s i o n  f o r  energy)  

A s  R + h approaches m ;  & -t 0 and; 

E =  v% , where V m  = hyperbo l i c  excess  v e l o c i t y  of 
? c 

t h e  t r a n s l u n a r  t r a j e c t o r y  

S u b s t i t u t i n g  ( 2 )  i n t o  (1) : 

V m  * v2 
7-=-T-& 

2 '2 + 21.I 
R + h  V = V m  

1.1 = l u n a r  g r a v i t a t i o n a l  c o n s t a n t  = 1.7313971 x ft 3 /see 2 
6 R = l u n a r  r a d i u s  = 5.702395 x 10 ft 

h = s p a c e c r a f t  a l t i t u d e  i n  f e e t  

V = s p a c e c r a f t  v e l o c i t y  approaching t h e  moon 

S ince  c i r c u l a r  o r b i t a l  v e l o c i t y  = - t R  - 1.I- + ' =  vc 
- - .__- 

2' (4)  v = -\, v m 2  + 2vC 
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The AV r e q u i r e d  t o  r e t r o  from t r a n s l u n a r  f l i g h t  t o  
a c i r c u l a r  o r b i t  about  t h e  moon i s  t h e  d i f f e r e n c e  between t h e  
approach v e l o c i t y  (V) and t h e  c i r c u l a r  o r b i t  v e l o c i t y :  

AV = V - Vc 

O r ,  s u b s t i t u t i n g  equa t ion  (4)  f o r  V: 
- 

AV = 7 , , v m 2  + 2 ~ ,  27 - vC (5)  
Using t h e  nominal value for AV a t  a n  80 nm a l t i t u d e ,  

e q u a t i o n  (5 )  can be solved for V- of t h e  t r a n s l u n a r  f l i g h t  
t r a j e c t o r y .  2,957 f t /sec i s  t h e  nominal AV, bu t  a l lowances 
f o r  midcourse c o r r e c t i o n  and 30 e r r o r s  must be s u b t r a c t e d  t o  
o b t a i n  t h e  t h e o r e t i c a l  AV requirement f o r  r e t r o .  

AV,,, = 2,957 - 62(MCC) - 94(3a) = 2,795 f t / s e c  

5,289 = Vc a t  80 nm 

Vm = 3,067 f t / s e c  

Using t h i s  value of V m  f o r  t r a n s l u n a r  f l , gh t  an( 
s u b s t i t u t i n g  c i r c u l a r  o r b i t a l  v e l o c i t i e s  f o r  d i f f e r e n t  a l t i t u d e s  
i n t o  e q u a t i o n  (5 )  provides  the  r e t r o  requirement  f o r  each 
a l t i t u d e  of i n t e r e s t .  

Example: 

AvLoI = TI \/ (3067)2 + 2(5486)2l - 5486 

AVLoI = 2857 f t / s e c  

f o r  50,000 ft a l t i t u d e ;  Vc = 5,486 f t / s e c  

Adding t h e  al lowances f o r  MCC and 30 e r r o r s :  

AV = 2857 + 62 + 94 = 3019 f t / s e c  

.*. The AV p e n a l t y  for r e t r o  t o  a 50,000 f t  orbit i n s t e a d  
of 80 nm = 3019 - 2957 = 62 f t / s e c .  

R e s u l t s  f o r  a l t i t u d e s  between 50,000 f t  and 80 nm 
a r e  p l o t t e d  i n  F igu re  5. 
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The same procedure can a l s o  be a p p l i e d  f o r  the  
t r a n s e a r t h  i n j e c t i o n  phase.  The v a l u e  of Vm f o r  t h e  t r a n s -  
e a r t h  t r a j e c t o r y  i s  computed a s  b e f o r e  u s i n g  t h e  nominal 
AV T.E.I. ( l e s s  3a e r r o r  allowance) i n  e q u a t i o n  ( 5 ) .  With 
t h e  v a l u e  of V- determined,  t he  same procedures  a s  above 
can be a p p l i e d  to determine t h e  p e n a l t y  a s s o c i a t e d  wi th  
d e p a r t u r e  from lower o r b i t s .  F igure  5 a l s o  c o n t a i n s  a p l o t  
of t h e s e  p e n a l t i e s .  

The nominal AV budget assumed f o r  miss ion  a n a l y s i s  
purposes  i s  a s  fo l lows :  

AV f o r  l u n a r  o r b i t  i n s e r t i o n  = 2957 f t / s e c  

AV f o r  LM rescue  and CSM p lane  change = 1580 f t / s e c  

AV f o r  t r a n s e a r t h  i n j e c t i o n  = 3190 f t / s e c  

S ince  t h i s  i s  a nominal AV budget f o r  a n  80 nm l u n a r  o r b i t a l  
altitude, i t  must be ad jus t ed  t o  iiiciurie p e n a l t i e s  of retro 
and d e p a r t u r e  from lower o r b i t s  as wel l  as t h e  requi rements  
of t h e  Hohmann t r a n s f e r s *  of miss ion  modes 11, 111 and IV. 

On t h i s  b a s i s ,  t h e  fo l lowing  AV budgets  were developed 
for t h e  f o u r  d i f f e r e n t  mission modes inc luded  i n  t h e  a n a l y s i s :  

MISSION MODE I 

(RETRO I N T O  AND DEPART FROM LOW ORBIT) 

AV AV LM Rescue and 
LM S e p a r a t i o n  TEI  CSM Plane  Change 

A l t i t u d e  ( f t / s e c )  ( f t / s e c )  

80 nm (nominal) 
70 
60 
50 
40 
30 

20 ” 

10 I’ 

50,000 f t  

3,190 
3,197 
3 , 204 
3,211 
3,218 
3,225 
3 9 233 
3,240 
3 , 242 

1 , 580 
11 

11 

I t  

AV 
LO1 

( f t / s e c )  

2,957 
2,965 
2,974 
2 , 982 
2 , 990 
2,999 
3 9 008 
3,017 
3,019 

~ ~~~ 

*Hohmann t r a n s f e r  AV requi rements  can be a c c u r a t e l y  
estimated a s  t h e  d i f f e r e n c e  i n  c i r c u l a r  o r b i t a l  v e l o c i t i e s  
a t  t h e  two a l t i t u d e s  of i n t e r e s t .  
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( RETRO 

LM S e p a r a t i o n  
A l t i t u d e  

TO 80 NM 

- 4  - 

MISSION MODE I1 

AND HOHMANN DOWN TO LOW ORE3IT) 

AV 
T E I  

( f t / s e c )  

AV LM Rescue and nv 
CSM Plane Change 

( f t / s e c )  

LO1 + 
Hohmann Down 

( f t / s e c )  

80 nm (nominal)  3,190 1 9 580 2 , 957 
I t  70 

60 
50 
40 I '  

30 
20 
10 ' I  

50,000 

11  

1 1  

1 1  

f t  

LM S e p a r a t i o n  
A1 t i t u d e  

3,197 
3 , 204 
3,211 
3,218 
3,225 
3,233 
3,240 
3,242 

11  

I I  

11  

I I  

l l  

11 

I I  

1 1  

MISSION MODE I11 

(RETRO DIRECTLY TO LOW ORBIT, 
HOHMANN UP TO 80 NM,AFTER LM SEPARATION) 

2 , 983 
3,010 
3,037 
3,064 
3,092 
3,120 
- 1,149 
3,154 

AV 
TEI  

( f t / s e c )  

nv LM Resc1_le + 
CSM Plane Change + AV 

Hohmann up to 80 NM LO1 
( f t / s e c )  ( f t / s e c )  

80 nm (nominal)  3,190 1 , 580 2,957 
70 
60 I t  

50 

30 
20 
10 
50,000 

40 ' I  

11 

ft 

1 1  

1 1  

11  

ll 

11  

11  

11 

l l  

1,606 
1 , 633 
1,660 
1,687 
1 , 715 
1 , 743 
1,772 
1 , 777 
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MISSION MODE I V  

(RETRO TO 80 NM, HOHMANN DOWN TO LOW ORBIT, 
HOHMANN BACK UP TO 80 NM AFTER LM SEPARATION) 

AV LM Rescue + AV LO1 + 

A l t i t u d e  ( f t / s e c )  ( f t / s e c )  ( f t / s e c )  

AV CSM Plane  Change + Hohmann Down 
LN S e p a r a t i o n  T 9 I  Hohmann up t o  80 nm from 80 nm 

80 nm (nominal)  3,190 
70 'I 

11 

11 

f I  ?I 

60 
50 
40 I' 

30 
20 
10 

II 

11  

i f  11 

11 II 

11  50,000 ft 

1 Y 580 2,957 
1,606 2 f 983 

1,660 3,037 
1,687 3,064 
1,715 3,092 

1,772 3,149 
1,777 3,154 

1 Y 633 3,010 

1 , 743 3 ,  i20 
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APPENDIX B 

Determinat ion of SM p r o p e l l a n t  requirement  f o r  a 

l u n a r  l and ing  miss ion .  

Le t :  

LM = LM s e p a r a t i o n  weight ( i n c l u d i n g  crew) 

CSM = weight  of CSM ( i n c l u d i n g  crew) l e s s  weight 

of u s a b l e  p r o p e l l a n t  

SMP = Serv ice  Module usable  p r o p e l l a n t  weight  

EX1 = weight  of CSM expendables lost 

p r i o r  t o  l u n a r  o r b i t  i n s e r t i o n  

EX2 = weight of CSM expendables lost i n  l u n a r  o r b i t  

Crew = weight of LM crew t r a n s f e r r e d  from CSM 

R = mass r a t i o  a s s o c i a t e d  w i t h  AV f o r  T.E.I. 

R, = mass r a t i o  f o r  AV requirement  of maneuvers 
1 

L 

accomplished by  CSM wi thout  t h e  LM o r  i t s  

crew a t t a c h e d .  (LM re scue ,  CSM p lane  change, 

and Hohmann) 

R, = mass r a t i o  a s s o c i a t e d  wi th  AV f o r  l u n a r  o r b i t  
J 

i n s e r t i o n  + 
LM and crew 

maneuvers (Hohmann t r a n s f e r )  w i th  

a t t ached  
AV R = exp 

go SP 
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MISSION CALCULATION 

- 2 -  

( 3 )  

Spacec ra f t  weight  j u s t  a f t e r  t r a n s e a r t h  i n j e c t i o n  

= CSM - (EX1 + EX2) 

S p a c e c r a f t  weight j u s t  p r i o r  to t r a n s e a r t h  i n j e c t i o n  

= [ CSM - (EX1 + EX2)] [R1] 

SM pr;opel lant  used for t r a n s e a r t h  i n j e c t i o n  

= [ CSM - (EX1 + EX2)] [ R1 - 11 

Spacec ra f t  weight  just a f t e r  LM re scue ,  

CSM p lane  change and Hohmann up 

Spacec ra f t  weight j u s t  
I- 

p r i o r  to t h e s e  maneuvers 
I 

= L[CSM - (EX1 + EX2)] [R1] - Crew] [R2] 

SM p r o p e l l a n t  used f o r  

= 1 [ CSM - (EX1 + EX2)] 

Spacec ra f t  weight Just 

= I [ CSM - (EX1 + EX2)] 

Spacec ra f t  . -  weight j u s t  
- 

= j [ CSM - (EX1 + EX2)] 
L 

SM p r o p e l l a n t  used f o r  

= [ CSM - (EX1 + EX2)] 
- - 

t h e s e  maneuvers 
-I 

a f t e r  l u n a r  o r b i t  

- 11 

i n s e r t  i=n 

+ EX2** + LM 

p r i o r  to l u n a r  o r b i t  i n s e r t i o n  

[RII  - Crew I [R2]  + EX2 + LMI [Rd 
2 

l u n a r  o r b i t  i n s e r t i o n  

I R1l - C r e w  I [ R2] + EX2 + LMI [ R3- 11 

T o t a l  SM p r o p e l l a n t  r e q u i r e d  f o r  t h e  mis s ion  i s  

equa l  to t h e  sum of e q u a t i o n s  (l), (2), and ( 3 ) .  

*LM crew not on board t h e  CSM dur ing  LM r e s c u e  maneuvers 

**Expendables l o s t  i n  l u n a r  o r b i t  (EX2) a r e  on board 
a t  t h e  t i m e  of l u n a r  o r b i t  i n s e r t i o n .  
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Adding and s impl i fy ing:  

T o t a l  SM p r o p e l l a n t  r equ i r ed  for t h e  miss ion  

(4) 
+ [ LM + EX2] R3 - 11 

Equat ion ( 4 )  was used to determine t h e  t o t a l  SM prop, n l l a n t  

requirement  for t h e  d i f f e r e n t  mission modes ana lyzed .  The 

fo l lowing  numerical  va lues  were used: 

CSM = 23,562 l b s  ( b a s e l i n e  va lue)  

LM = Maximum LM s e p a r a t i o n  weight from 

C y e w  = 589 l b s  ( b a s e l i n e )  

EX1 = 261 l b s  (from DRM I I A )  

= 200 l b s  (from DRM I I A )  

SM Isp = 313 see  

AV Budget = a s  t a b u l a t e d  i n  Appendix A for; each miss ion  mode 
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APPENDIX C 

DETERMINATION OF MAXIMUM ALLOWABLE AV BUDGET 

FOR BLOCK I1 SM PROPELLANT CAPACITY (38,986 LBS) - 

The SM propu l s ion  requi rements  can be reduced t o  
t h r e e  p r o p u l s i o n  even t s :  (1) l u n a r  o r b i t  i n s e r t i o n ,  which i s  
performed w i t h  t h e  f u l l  s p a c e c r a f t  weight ;  ( 2 )  maneuvers i n  
l u n a r  o r b i t ,  which a r e  performed wi thout  t h e  weight of t h e  LM 
or i t s  crew; and (3)  t r a n s e a y t h  i n j e c t i o n ,  which i s  performed 
w i t h  t h e  CSM and t h e  LM crew weights .  I f  t h e  e x p r e s s i o n  f o r  
SM p r o p e l l a n t  developed i n  Appendix B i s  se t  equal  to t h e  p r e -  
s e n t  Block I1 SM t a n k  c a p a c i t y  (38,986 l b s )  and two of t h e  
t h r e e  SM propu l s ion  requi rements  (AV's) a r e  h e l d  f ixed ,*  i t  i s  

is a p l o t  of t h e  r e s u l t s  of  t h i s  t ype  c a l c u l a t i o n .  The t r a n s -  
e a r t h  i n j e c t i o n  AV requi rements  used were t h e  nominal 3,190 
f t / s e c  f o r  one s e t  of r e s u l t s  and 2,800 f t / s e c  to i l l u s t r a t e  

- n " m  p u D D i b l e  - t o  so lve  for t h e  remaii-ilng AV requi rement .  Figurr.e 8 

t h e  e f f e c t  of 
f o r  LM rescue  
i n  all c a s e s .  
quirement for 
miss ion  modes 

The 

t h i s  type  change. The nominal AV r equ i r emen t s  
and C S M  p l ane  change were he ld  a t  1,580 f't/sec 

F igu re  8 shows t h e  maximum a l lowab le  AV r e -  
l u n a r  o r b i t  i n s e r t i o n  for each of t h e  f c u r  
f o r  t h e  two va lues  of t r a n s e a r t h  i n j e c t i o n  AV. 

fo l lowing  t a b u l a t i o n  of r e s u l t s  from F igures  8 
and 9 should provide  some f e e l  f o r  t he  range of AV r e q u i r e -  
ments a l lowab le  w i t h  t h e  e x i s t i n g  SM t a n k  c a p a c i t  , t h e  maximum 
a l l o w a b l e  Extended LM s e p a r a t i o n  weight ( F i g u r e  2 B , and a LM 
s e p a r a t i o n  a l t i t u d e  of 50,000 f t .  For  each of t h e  Extended 
LM miss ions  t a b u l a t e d  below, t h e  t o t a l  s p a c e c r a f t  i n j e c t i o n  
w e i g h t  i s  99,083 l b s  (32,685 lbs Ext .  LM ( l e s s  crew) ; 
23,562 l b s  CSM; 38,986 l b s  SM p r o p e l l a n t  and 3,850 l b s  SLA). 
The  Augmented LM miss ions  shown on F igure  9 r e q u i r e  a Sa tu rn  V 
c a p a b i l i t y  of 104,893 lbs .  

*The f i x e d  AV requi rements  assumed and t h e  r e s u l t s  
ob ta ined  must be modified t o  a l low for maneuvers a s s o c i a t e d  
w i t h  t h e  i n d i v i d u a l  miss ion  modes; i . e . ,  d i r e c t  r e t r o  and 
d e p a r t u r e  from lower o r b i t s  o r  Hohmann t r a n s f e r s .  
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Mission 
Mode 

I 

I1 

111 

AV 
TEI 

( f t / s e c )  

3,190 
2,800 

3,190 
2,800 

3 , 190 
2,800 
2 i a o  

2,800 
> , -J  

AV LM Rescue 
and C S M  PC 

( f t / s e c )  

1,580 
I t  

I I  

I I  

f l  

11 

1 1  

I 1  

~~ ~~ 

Max. Allowable 
AV f o r  LO1 

( f t / s e c )  
Ex t .  LM Aug. LM 

3 , 062 2,858 
3 262 3,042 

2 9 865 2,661 

3,064 2,845 
2 , 986 2,788 

3,193 2,979 

2,789 2,591 

2 , 996 2,782 

The type  informat ion  from F igure  8 should be u s e f u l  
f o r  miss ion  p lanning  purposes .  The a l lowab le  AV budget w i l l  
enab le  a n  assessment of t h e  r equ i r ed  r e l a x a t i o n  t o  t h e  nominal 
Apollo requi rements .  Such t h i n g s  a s  t h e  n e c e s s i t y  of non-f ree  
r e t u r n  f l i g h t s ,  launch o p p o r t u n i t i e s ,  launch windows and t r i p  
t imes  could be r e a d i l y  determined f o r  miss ions  to s p e c i f i c  
l a n d i n g  s i t e s .  

F igu re  9 r e p r e s e n t s  t h e  same type  informat ion  except  
t h a t  t he  LM s e p a r a t i o n  weight  has  been inc reased  t o  t h e  Aug- 
mented LM v a l u e  (38,495 l b s  LM + 589 l b s  Crew = 39,084 l b s )  . 
T h e  inc reased  LM s e p a r a t i o n  weight reduces  t h e  maximum a l lowab le  
AV f o r  the  r e t r o  maneuver by about 200 f t / s e c  f o r  mis s ion  
c o n d i t i o n s  cor responding  to the  Extended LM. 


